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2000). These similarities raise the intriguing possibility typically express faster activating and inactivating non-
L channels and exhibit ribbonless synaptic structures.that Isl2 specifies the expression of genes required for
The ribbons and L-type calcium channels are thought toNGF/Trk signaling in sensory neurons. Loss of the pe-
facilitate and regulate graded, tonic release of synapticripheral projections of CaP/VaP motor neurons as a con-
transmitter from the sensory neurons. The preponder-sequence of reduced Isl2 function is accompanied by
ance of evidence to date has failed to demonstrate so-formation of ectopic central projections, GABA expres-
dium-dependent action potentials in these ribbon-con-sion, and loss of periodic spacing, which is characteris-
taining cells. Consequently, the idea of a graded analogtic of all primary motor neurons. These changes are
response coupled to graded synaptic release remainedconsistent with the misspecification of some of the prop-
internally consistent. The theoretical advantages of thiserties of the CaP/VaP cells to those of VeLD inter-
tonic system, versus a digital one using sodium actionneurons.
potentials, are that both increments and decrementsTogether, the results reported by Segawa et al. (2001)
of a stimulus can be detected and transmitted easily.reveal important clues to the mechanisms involved in
Moreover, graded synapses can transmit higher ratesproviding specificity to the function of LHX genes and
of information than spike driven synapses (Juusola andto mechanisms that determine cell fate and cell-specific
French, 1997), which would seem to be a prudent designaxonal outgrowth in the developing nervous system.
feature for the detector circuitry in a sensory system.
Now, however, the doctrine of graded transductionIgor B. Dawid and Ajay B. Chitnis
and signal transfer is being challenged. In this issue ofLaboratory of Molecular Genetics
Neuron, Kawai, Horiguchi, Suzuki, and Miyachi (2001)National Institute of Child Health
demonstrate that rod photoreceptors in human retinaand Human Development
express voltage-gated sodium currents. These authors,National Institutes of Health
a group from a very small cadre of investigators whoBethesda, Maryland 20892
have ever recorded from neurons of human retina, per-
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suppressed by TTX. These authors suggest that sodium-
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13342.
novel aspect of Kawai et al.’s finding is that multitudes
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strated voltage-gated sodium currents. Interestingly,Uyemura, K., and Okamoto, H. (1997). Neuron 18, 369–382.
however, two recent studies have discovered voltage-
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Segawa, H., Miyashit, T., Hirate, Y. Higashijima, S.-i., Chino, N.,
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Given the uniqueness of this finding in rods by KawaiThomas, J.B. (1999). Mol. Cell 4, 259–265.
et al. (2001), one immediately wonders whether the ex-
pression of voltage-gated currents in human rods re-
flects a pathophysiological state of these cells. In the
Is the Retina Going Digital? eye, retinal pigmented epithelial cells (RPE) form a single
layered sheet that abuts the photoreceptor outer seg-
ments. In rat, monkey, and human retinas, freshly iso-
Sensory cells of the vertebrate eye, ear, and vestibular lated RPE cells are devoid of TTX-sensitive voltage-
system respond to their stimuli with membrane polariza- gated currents. After a short time in culture, however,
tions that are graded with intensity. These analog-type these cells express robust voltage-gated sodium cur-
responses, rather than the binary-like potential changes rents (Wen et al., 1994; Botchkin and Matthews, 1994).
produced by voltage-gated sodium action potentials, A logical question is whether the rods used in this study
enable the sensory receptors to encode fine gradations by Kawai et al. (2001) could have progressed through a
of light, sound, or movement. Graded potential sensory transdifferentiation similar to that of the RPE cells. A
neurons, which includes photoreceptors, retinal bipolar majority of the rods in the Kawai et al. study were taken
cells, hair cells of the auditory and vestibular organs, from pieces of retina that had been detached in the eye
and electroreceptors in fish selectively express both for an unknown period of time. However, voltage-gated
sustained L-type calcium channels and ribbon-like sodium currents were also observed in three rods re-
corded from tissue excised from a nondetached retina.structures in their synaptic terminals. Spiking neurons
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On the assumption that the preparation of the rods for potassium currents, that would keep the membrane hy-
perpolarized (Barnes, 1994; Kawai et al., 2001). Futurerecording didn’t somehow change the characteristics
of these cells, this finding adds credence to the idea that experiments in which the effects of TTX on light re-
sponses recorded from photoreceptors and bipolar cellsthe sodium channels are expressed normally in human
rods. The question then turns to why these currents are will help to settle these questions directly.
Analyses of sodium currents in bipolar cells and neu-seen only in human rods and not in other classes of
animal. Could the exclusive expression of voltage-gated rotransmitter-gated currents from neurons postsynaptic
to these cells are consistent with the notion that sodium-sodium currents in human rods reflect a structural spe-
cialization of human retina? dependent action potentials are not in the physiological
synaptic signaling repertoire of the bipolar cells. None-Kawai et al. (2001) suggest that voltage-gated sodium
currents might be necessary to amplify the transmission theless, subthreshold voltage-gated sodium-dependent
currents may still facilitate signal transfer in the den-of the light-evoked signals along lengthy axons to the
synaptic terminals of the rods. Based on the location of drites. In the subclasses of the bipolar cells that ex-
pressed these channels, Zenisek et al. (2001), using boththe recorded rods in the retina, this idea is probably not
valid. A unique feature of primate retina is the fovea, a immunological and electrophysiological approaches, lo-
calized the voltage-gated sodium channels to the den-region that is specialized for high acuity vision. In the
fovea, second and third order neurons, the bipolar and drites and somas of these cells. Channels were not ex-
pressed near the synaptic terminals. Based on the lowganglion cells, are physically displaced from the photo-
receptors. Consequently, axons of cones, the only pho- density of these channels compared to other spiking
neurons, and their localization, these authors proposetoreceptor class in this area, extend laterally for dis-
tances up to 300 mm to make synapses onto bipolar that subthreshold sodium currents serve to boost depo-
larizing synaptic currents in a manner similar to thatcells. It could be argued that that sodium action poten-
tials might enhance signal transfer from the cell bodies proposed for CNS neurons (Cook and Johnston, 1999).
Two arguments suggest that even if sodium actionto the synaptic terminals of foveal cones with their long
axons. However, the rods recorded by Kawai et al. were potentials were generated in bipolar cells, this digital
signal is not likely to be synaptically transmitted to post-obtained from retina more than 20 mm from the center
of the fovea. The axons of these rods are very much synaptic neurons. If TTX-sensitive action potentials
modulated vesicular glutamate release from the bipolarshorter than those of the foveal cones. A recent morpho-
logical study of human retina revealed that in peripheral cells, one would expect to see occasional multiquantal
spontaneous events in neurons driven by bipolar cells.retina (distances greater than 2.5 mm from the center
of the fovea) axons of both rods and cones are very At synapses between neurons from the CNS, TTX sup-
pression of spontaneous, larger amplitude events isshort and the displacement of bipolar and ganglion cells
is negligible (Sjostrand et al., 1999). Therefore, from a commonly observed. In contrast, Tian et al. (1998) found
no evidence for TTX-sensitive, larger amplitude, gluta-morphological standpoint, no obvious need for action
potentials in human rods is evident. mate-mediated, spontaneous synaptic events in mouse
retinal ganglion cells. This strongly suggests that so-Under what circumstances might the voltage-gated
sodium currents be involved in signaling visual stimuli dium-dependent action potentials play a very minor role
in modulating release from bipolar cells. From a hypo-by photoreceptors and bipolar cells in retina? Definitive
experiments to answer this question remain to be done. thetical standpoint, it can be argued that it is inefficient
to use sodium-action potentials to modulate neurotrans-However, a consideration of the voltage and kinetic
characteristics of the sodium currents does limit the mitter release from photoreceptor or bipolar cell syn-
apses. In both of these cell types, exocytosis is coupledpossibilities. At the typical range of resting potentials
reported for photoreceptors and bipolar cells (255 mV to calcium influx through L-type channels (Tachibana
et al., 1993; Schmitz and Witkovsky, 1997). Recently,to 230 mV), voltage-gated sodium currents would be
moderately inactivated. In rat bipolar cells and human Mermelstein et al. (2000) reported that in terms of cal-
cium influx through voltage-gated calcium channels, ac-rods, the half-maximum inactivation voltages for volt-
age-gated sodium currents are 268 and 265 mV, re- tion potentials are more effectively coupled to non-L-
type calcium channels. The slower activation kineticsspectively (Pan and Hu, 2000; Kawai et al., 2001). In
order to fire an action potential, the membrane potential of the L-type channels were more efficiently activated by
kinetically slower membrane potential changes. Furtherwould have to be hyperpolarized well below the resting
potential and then depolarized by several tens of milli- work will be needed to establish whether the fast sodium
spikes of human rods can regulate glutamate releasevolts. In rat bipolar cells and human rods, the half-maxi-
mum activation voltages for these sodium currents are from these cells.
Kawai et al.’s report of voltage-gated sodium currents227 mV and 235 mV, respectively. Consequently, the
rods and OFF bipolar cells would only be expected to in human rods forces us to reexamine the role of these
regenerative currents in the transduction and signalingfire an action potential when a bright light stimulus was
decreased or turned off. In the ON bipolar cells, which of sensory information. Reports of similar currents in
retinal bipolar cells adds weight to the notion that thedepolarize to light, voltage-gated sodium currents
would manifest themselves when light was increased. voltage-gated sodium currents are integral components
of what was formerly thought to be a graded potential,Whether an action potential would actually be generated
under any these stimulus conditions would depend on analog system of signal detection and transmission.
Critical experiments for the future will be to ascertain ifother factors. For example, the magnitude of the volt-
age-gated sodium current must be large enough to off- and how these sodium currents influence the light-
driven responses in the bipolar and photoreceptor cellsset competing outward currents, such as voltage-gated
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of the retina. At first glance, it would seem improbable studies that have revealed the basic mechanisms by
that full-fledged sodium action potentials would play a which odorant information in the periphery is reliably
major role. Thus, the first stages of retinal processing transferred to the brain for higher order processing.
are likely to remain analog rather than digital. However, The initial step in odorant recognition is the interaction
subthreshold regenerative sodium currents might pro- between an odorant and a distinct subpopulation of ORs
vide a small boost in signal processing. present on the dendritic membrane of OSNs. Several
studies indicate that insect and vertebrate OSNs ex-
press only one or a few ORs, which thereby defines theDavid Copenhagen
functional phenotype of the OSN. Independent of theirDepartments of Ophthalmology and Physiology
physical location in the sensory epithelium, all neuronsUniversity of California, San Francisco
expressing a given OR project to one of many function-School of Medicine
ally distinct and spatially invariant neuropil conglomer-San Francisco, California 94143
ates in the brain called glomeruli. This topographical
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the brain, odorant-induced temporal patterns of cellular
Jagger, D.J., Holley, M.C., and Ashmore, J.F. (1999). Pflugers Arch. activity have been proposed to intersect with these spa-
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of an odor (reviewed by Laurent, 1999). However, the
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defining odor quality is currently a topic of controversy
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in the field.J. Neurosci. 20, 266–273.
One of the puzzling questions in olfaction is how thesePan, Z.H., and Hu, H.J. (2000). J. Neurophysiol. 84, 2564–2571.
spatial and temporal representations interact to form
Tachibana, M., Okada, T., Arimura, T., Kobayashi, K., et al. (1993).
an odorant-specific spatiotemporal map of an odor. AnJ. Neurosci. 13, 2898–2909.
understanding of these mechanisms requires not onlyTian, N., Hwang, T.N., and Copenhagen, D.R. (1998). J. Neurophys-
a complete topographic map of the olfactory system,iol. 80, 1327–1340.
but an understanding, among other things, of how theSchmitz, Y., and Witkovsky, P. (1997). Neuroscience 78, 1209–1216.
temporal (i.e., physiological) properties of activatedSjostrand, J., Popovic, Z., Conradi, N., and Marshall, J. (1999).
OSNs work in concert with this spatial information toGraefes Arch. Clin. Exp. Ophthalmol. 237, 1014–1023.
encode odor quality. Constructing a comprehensiveWen, R., Lui, G.M., and Steinberg, R.H. (1994). J. Physiol. 476,
view of olfaction in this manner is nearly impossible to187–196.
accomplish in mammals given the cellular complexityZenisek, D., Henry, D., Studholme, K., Yazulla, S., and Matthews,
G. (2001). J. Neurosci., in press. of mammalian olfactory systems and the presence of
approximately 1000 ORs and 1800 glomeruli in these
animals. In contrast, the fruit fly olfactory system is a
much simpler system (approximately 61 ORs and 43Unlocking the DOR Code
glomeruli) and, as such, affords a unique opportunity to
understand the complete underpinnings of the olfactory
process in a single organism. A recent study by VosshallOlfactory systems possess the remarkable power to dis-
et al. (2000) has provided the first look at the map ofcriminate between tens of thousands of distinct odors,
receptor activation in the Drosophila brain. Building oncovering a wide range of chemical types. How can olfac-
this work, along with the current knowledge of Drosoph-tory systems distinguish the fragrance of a rose from
ila odorant receptor (“DOR”) expression patterns in thethe odor of garlic or a pine forest? The first step in
antenna (Clyne et al., 1999; Gao and Chess, 1999; Voss-odorant discrimination takes place in the olfactory epi-
hall et al., 1999), it may soon be possible to constructthelium (i.e., the nose). Olfactory epithelia of higher or-
a functional map of the Drosophila antenna that relatesganisms contain a multiplicity of functionally distinct
the molecular, anatomical, and physiological mecha-olfactory sensory neurons (OSNs), each sensitive to a
nisms underlying odorant discrimination. In this issuespectrum of different odorant molecules, that effectively
of Neuron, John Carlson and his colleagues (de Bruyneselect out components of complex odors and present
et al., 2001) take the necessary first step in understand-the specific information to the brain. Once in the brain,
ing how the physiological properties of OSNs might par-odorant information is reconstructed and processed to
ticipate in encoding odorant quality. The authors utilizebestow the organism with a “perception” of smell. Since
the relative simplicity and highly organized structurethe initial identification of an astoundingly large family
of the Drosophila antenna to characterize the ligandof G protein-coupled odorant receptors (ORs) in the rat
specificity and response dynamics of a large subpopula-(Buck and Axel, 1991), there has been a remarkable
tion of OSNs arrayed along the antennal surface.series of breakthroughs in deciphering the basic princi-
Insect and vertebrate olfactory systems alike possessples underlying odorant discrimination. Of particular im-
portance are the surfeit of molecular and anatomical bipolar sensory neurons with modified sensory den-
